Autosomal dominant congenital cataract is a clinically and genetically heterogeneous lens disease. Here we report the linkage of a locus for autosomal dominant posterior polar cataract (CPP) to the distal short arm of chromosome 1. To map the CPP locus we performed molecular genetic linkage analysis using microsatellite markers in a three-generation pedigree. After exclusion of 13 known loci and candidate lens genes for autosomal dominant cataract, we obtained significantly positive LOD scores for markers D1S508 (Z = 3.14, θ = 0) and D1S468 (Z = 2.71, θ = 0). Multipoint analysis gave a maximum LOD score of 3.48 (θ = 0.07) between markers D1S508 and D1S468. From haplotype data, however, CPP probably lies in the telomeric interval D1S2845-1pter, which includes the locus for the clinically distinct Volkman congenital cataract (CCV). This study provides the first evidence for genetic heterogeneity of autosomal dominant posterior polar cataract for which a locus had been linked previously to chromosome 16q.
INTRODUCTION
Congenital cataract is a significant cause of visual impairment and blindness in childhood (1) . Approximately 25% of all congenital cataract is inherited, most often as an autosomal dominant Mendelian trait (2) showing considerable inter-and intra-familial phenotypic variation (1) (2) (3) (4) . Currently, eight independent loci for autosomal dominant cataract have been linked to chromosomes 1p36 (5), 1q21-q25 (6), 2q33-q35 (7, 8) , 16q22.1 (9-11), 17p13 (12) , 17q11-12 (13) , 17q24 (14) and 22q (15) . The Coppock-like 'nuclear' cataract and a polymorphic 'lamellar' cataract map to the γ-crystallin gene cluster on 2q and the former is associated with novel activation of the γE-crystallin pseudogene (7) . Causative genes at the other seven human cataract loci have yet to be identified, however, the βA3/A1 crystallin gene is a strong candidate for the 'zonular sutural' cataract on 17q (13) and the 'cerulean' cataract on 22q maps provocatively close to the β-crystallin gene cluster (15) . In the mouse, autosomal dominant cataract has been associated with mutations in the genes for γE-crystallin on chromosome 1 (16), βB2-crystallin on chromosome 5 (17) and lens major intrinsic protein on chromosome 10 (18) . Mutation of the β-crystallin gene has also been shown to underlie autosomal dominant congenital cataract in the guinea-pig (19) .
Posterior polar cataract is a clinically distinctive opacity located at the back of the lens and, because of its proximity to the optical centre of the eye, can have a marked effect on visual acuity. Posterior lens opacities are commonly acquired in age-related cataract (20) and may also present in neurofibromatosis type 2 (21) and genetically heterogeneous retinal degenerations (22) . Ultrastructural studies of such opacities have identified abnormal migration of 'dysplastic' swollen fibre cells and accumulation of granular extracellular material at the posterior pole of the lens (23) (24) (25) . However, the underlying pathogenesis is poorly understood.
Dominantly inherited posterior polar congenital cataract (9,10) has previously been linked with the haptoglobin locus (HP) on 16q, along with the dominant Marner congenital cataract (11) . Both these cataracts are described as progressive, however, in the Marner family opacities initiate at the nucleus rather than at the posterior pole of the lens suggesting that either allelic heterogeneity or two distinct cataract genes exist at the 16q locus. To obtain further insight into the genetic aetiology of congenital cataract we performed linkage analysis on a three-generation family of English descent with autosomal dominant posterior polar cataract.
RESULTS
Ten affected and three unaffected members of the family, including the 'critical recombinant' female 4.1 aged 17 years (see below), underwent a full ophthalmological examination by one of us (A.C.W.I.). The opacity (Fig. 1) , which was bilateral in all cases, consisted of a single well defined plaque confined to the posterior pole of the lens and varied from 0.5-3 mm in diameter. Hospital records indicated that the opacity was usually present at birth or developed within the first few months of life but did not progress with age to other regions of the lens. There was no evidence of posterior lenticonus or high myopia and no family history of other ocular or systemic abnormalities.
*To whom correspondence should be addressed For linkage analysis, 19 members of the pedigree (Fig. 2 ) including 10 affected individuals, five unaffected individuals and four spouses were genotyped with microsatellite markers from the Généthon (AC) n map (26) . We first excluded linkage of the cataract with HP on 16q using markers D16S515 (Z = -3.31, θ = 0.05) and D16S503 (Z = -1.76, θ = 0.05). We then proceeded to exclude 12 other known loci and candidate lens genes for autosomal dominant cataract on 22q (cerulean cataract type 2 and β-crystallin), 21q (α1-crystallin), 19q (lens integral membrane protein 2), 17q24 (cerulean cataract type 1), 17q11-q12 (zonular sutural cataract and βA3/A1-crystallin), 17p (anterior polar cataract), 16p (µ-crystallin), 12q (lens major intrinsic protein), 11q (α2-crystallin), 2q (γ-crystallin), 1q (zonular pulverulent cataract), 1p (ζ-crystallin) (Human Genome Database, 1996) . Following exclusion of the ζ-crystallin gene (CRYZ) on 1p31-p22 with marker D1S201 (Z = -1.09, θ = 0.05) we detected positive LOD scores for markers D1S468 (Z = 2.71, θ = 0) and D1S243 (Z = 1.51, θ = 0), which flank a 6 cM interval close to the Volkman congenital cataract locus (CCV) at the telomeric end of 1p (5) . Ten other Généthon markers in this region of chromosome 1p were genotyped in the family and the two-point LOD scores of all 12 marker loci are summarised in Table 1 . The maximum two-point LOD score was obtained with marker D1S508 (Z max = 3.14, θ max = 0). Multipoint analysis using markers D1S234, D1S508, D1S468 and D1S243 (Fig. 3) yielded a maximum LOD score of 3.48 (θ max = 0.07) placing CPP in the 12 cM interval between D1S508 and D1S468.
Haplotype analysis (Fig. 2) detected three affected individuals (3.6, 3.7 and 3.8) and one unaffected individual (3.9) that were recombinant with the most centromeric marker D1S234 (i.e., which lies closest to CRYZ) and one affected individual (3.10) that was recombinant at D1S199. However, only one unaffected individual (4.1) was recombinant for markers D1S2667, D1S450, D1S2663, D1S2870, D1S2660 and D1S2845, which lie increasingly telomeric to D1S234. This individual was uninformative for markers D1S508 and the two most telomeric markers D1S468 and D1S243. Nevertheless, the informative haplotype data for individual 4.1 indicated that the cataract locus probably lies in the interval between D1S2845 and the telomere on chromosome 1p, i.e., D1S2845-1pter (Fig. 4) .
Attempts to trace additional family members that may enable further linkage refinement have been unsuccessful. In addition, the two tetranucleotide (GATA) n markers (D1S1605 and D1S2133) from the Cooperative Human Linkage Center (CHLC) map (27) that are reported to lie in the interval D1S243-1pter, which contains the CCV locus, were found to be uninformative in the family (Z = -0.14 and 0.25 at θ = 0.05, respectively).
DISCUSSION
We have used linkage analysis to localise a gene for autosomal dominant posterior polar cataract (CPP) to the telomeric region of chromosome 1p. CPP is both clinically and genetically distinct from the zonular pulverulent cataract locus (CAE1) on 1q (6) and does not appear to involve the ζ-crystallin gene (CRYZ) which maps to 1p31-p22 (28) . The current assignmnent of CPP to D1S2845-1pter, however, overlaps with that for the Volkman congenital cataract (CCV, 5). Thus, the CPP genetic interval comprises D1S2845-(5cM)-D1S468-(6cM)-D1S243-CCV-1pter, raising the possibility that CCV and CPP are allelic.
There are, however, striking clinical differences between CCV (5) and CPP. CCV is characterised by central opacities located in the embryonic and fetal nucleus and around the anterior and posterior Y-sutures of the lens. Furthermore, CCV is progressive giving rise to zonular opacities with a wide variation in clinical appearance. In contrast, CPP exhibits a non-progressive opacity that is confined to the back of the lens with a consistent appearance. Given that the current CPP interval extends a further ∼11 cM centromeric to the CCV interval, it is possible that two independent genes underlie these clinically distinct types of congenital cataract on 1p. Equally, a single gene for CPP and CCV cannot be excluded given the possibility of allelic heterogeneity for posterior polar cataract and the Marner 'nuclear' cataract on 16q (11) .
The linkage of CPP to 1p has identified a second locus for inherited posterior polar cataract. In contrast with CPP, however, the 16q posterior polar cataract is described as progressive, eventually leading to a total opacification of the lens (9-11). There is no obvious candidate gene for cataract at the 16q locus and no cataract mutation has been mapped to the syntenic region of mouse chromosome 8. The human 1p cataract loci, however, may be syntenic with the recessive dysgenetic lens mutation on mouse chromosome 4 (Mouse Genome Database, 1996). Eiberg et al. (5) have emphasised the proximity of CCV to the gene for α-enolase (ENO1) on 1p. Remarkably, this glycolytic enzyme has been recruited as τ-crystallin in the turtle lens through an evolutionary process referred to as gene-sharing (29) . However, the red-cell ENO1 activity is normal in the CCV family (5) and cataract has not been reported in hereditary ENO1 deficiency (30) . Currently, we are attempting to exclude ENO1 as a candidate gene for CPP and identify additional informative markers in the region to enable fine mapping and, ultimately, positional cloning of the underlying gene.
MATERIALS AND METHODS

Genotyping
Genomic DNA was extracted from EDTA-sequestered blood samples, taken with informed consent and local ethical approval, using the Nucleon II DNA extraction kit (Scotlab Bioscience). PCR-based genotyping using Généthon microsatellite markers (26) at 5-10 cM intervals was performed as described previously (12) .
Linkage analysis
Data was collated using the LINKSYS (version 3.1) data management package (31) . Two-point LOD scores were calculated using the MLINK and ILINK sub-programs of the LINKAGE (version 5.1) package (32) . Allele frequencies calculated from the four spouses in the family were similar to those quoted by Généthon (26) . Multipoint analysis was computed using LINKMAP (32) run on the UK Human Genome Mapping Project (HGMP) Resource Centre computing facilities (Cambridge, UK). A full penetrance and a gene frequency of 0.0001 were assumed for the cataract locus.
